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Abstract 

Myeloma bone disease is due to interactions of myeloma cells with the bone marrow 

microenvironment, and is associated with pathological fractures, neurological symptoms and 

hypercalcemia. Adjacent to myeloma cells, the formation and activation of osteoclasts is 

increased which results in enhanced bone resorption. The recent characterization of the 

essential cytokine of osteoclast cell biology, receptor activator of NF-κB ligand (RANKL) 

and its antagonist osteoprotegerin (OPG), have led to a detailed molecular and cellular 

understanding of myeloma bone disease. Myeloma cells induce RANKL expression in bone 

marrow stromal cells, and direct RANKL expression by myeloma cells may contribute to 

enhanced osteoclastogenesis in the bone microenvironment in myeloma bone disease. 

Furthermore, myeloma cells inhibit production and induce degradation of OPG. These effects 

result in an increased RANKL-to-OPG ratio which favours the formation and activation of 

osteoclasts. Patients with myeloma bone disease have inappropriately low serum and bone 

marrow levels of OPG. Specific blockade of RANKL prevented the skeletal complications in 

various animal models of myeloma, and suppressed bone resorption in a preliminary study of 

patients with myeloma bone disease. 

Osteoclasts as effector cells in skeletal malignancies

Skeletal complications represent frequent and significant events in patients with 

multiple myeloma, and include osteolytic lesions, pathological fractures, neurological 

symptoms (pain, paralysis), and profound hypercalcemia.1,2 At the cellular level, these 

complications are due to an excessive growth of malignant myeloma cells within the bone 

marrow microenvironment and their interactions with osteoblastic and osteoclastic lineage 

cells.1,3,4 A consistent histological finding in myeloma bone disease is enhanced and 
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uncontrolled osteoclastic bone resorption adjacent to areas of plasma cell infiltrates.2

Moreover, anti-resorptive drugs that inhibit osteoclastic functions such as bisphosphonates are 

successfully employed in patients with myeloma bone disease, indicating that osteoclasts are 

essential mediators in the pathogenesis of myeloma bone disease.5

In the past five years, an essential cytokine system for osteoclast biology has been 

characterized.6,7 This system consists of a ligand, receptor activator of NF-κB ligand 

(RANKL),8,9 a cellular receptor, RANK,8,10 and a soluble receptor antagonist, osteoprotegerin 

(OPG).11 While RANKL stimulates several aspects of osteoclast function, thus enhancing 

bone resorption, OPG blocks RANKL, and prevents bone resorption.9,12 Abnormalities of this 

system have been implicated in the pathogenesis of various skeletal diseases characterized by 

enhanced osteoclastic activity and increased bone resorption, including osteolytic metastasis 

and tumor-associated hypercalcemia.13

RANKL and OPG in bone cell biology

Osteoclasts are derived from macrophagic/monocytic lineage cells and represent 

differentiated, multinucleated cells specialized in resorbing bone.6,7 Recently, the essential 

cytokines of osteoclast biology have been identified and extensively characterized. 

Osteoclastic lineage cells express RANK, a member of the tumor necrosis factor receptor 

superfamily.8,10 Following activation of RANK by its ligand, RANKL, differentiation, 

proliferation, and survival of preosteoclast is enhanced, osteoclastic fusion and activation is 

promoted, and osteoclastic apoptosis is suppressed, resulting in a marked increase of the 

number and activity of osteoclasts.9,12

RANKL is mainly produced by osteoblastic lineage cells,14 immune cells,8,15 and some 

cancer cells.16,17 This provides the cellular and molecular basis for osteoblast-osteoclast cross-

talks which are crucial for an orderly sequence of bone resorption and formation during bone 
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remodeling.14 However, RANKL production by immune and cancer cells also forms the basis 

of skeletal complications of inflammatory and malignant diseases, because activated T cells 

and cancer cells are able to directly activate RANK on osteoclasts by virtue of expressing 

RANKL.4,7 The potent stimulatory effects of RANKL on RANK are counteracted by a 

safeguard mechanism. Many cells types - in the bone marrow microenvironment mainly 

osteoblastic lineage cells - secrete OPG which acts as a decoy receptor and blocks RANKL, 

thus preventing RANK activation.11

Malignant tumors capable of forming skeletal metastases or causing hypercalcemia 

utilize the cellular machinery (osteoclasts) and molecular pathways (RANKL/RANK/OPG) of 

normal bone cell biology.3,4 Focally or systemically enhanced osteoclastic activation results in 

tumor-associated hypercalcemia, osteolysis, pathological fractures, and severe pain. Such 

RANKL-mediated mechanisms have been described for a variety of osteotropic malignancies, 

including breast cancer,18,19 prostate cancer,20,21 squamous cell carcinoma,16 adult T-cell 

leukemia,17 Hodgkin’s disease,22 and neuroblastoma.23

RANKL and OPG production in myeloma bone disease

Myeloma cells increase RANKL expression within the bone microenvironment

There are several distinct mechanisms whereby myeloma cells increase the expression 

of RANKL within the bone microenvironment. Bone marrow plasma cells derived from 

patients with multiple myeloma revealed high positive RANKL immunoreactivity as 

compared to healthy controls, and among patients with multiple myeloma RANKL 

immunoreactivity on plasma cells was positively correlated with the presence of osteolytic 

lesions.24 However, there is controversy as to whether myeloma cells directly express 

RANKL. While several studies reported RANKL expression by myeloma cells using either 
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human primary myeloma cells from patients,24-26 human myeloma cell lines,27 or the murine 

myeloma cell line 5T2MM,28 other studies could not detect RANKL expression in human 

myeloma cell lines or primary myeloma cells.29-31

Despite this open question, several studies have unambiguously demonstrated that 

myeloma cells enhance RANKL expression by bone marrow-residing stromal cells through 

direct cell-to-cell contact.29-31 RANKL induction by stromal cells was present in patients with 

multiple myeloma but not in patients with monoclonal gammopathy of undetermined 

significance (MGUS),29,31 indicating a specific threshold effect. In addition, human myeloma 

cell lines and primary myeloma cells have also been demonstrated to up-regulate RANKL 

production by activated T cells, although the precise role of this interaction in the 

pathogenesis of myeloma bone disease remains unclear.32

Increased expression of RANKL by bone marrow stromal cells was associated with 

enhanced osteoclastogenesis, and this effect could be prevented by RANK-Fc, a specific 

inhibitor of RANKL.29 Taken together, enhancement of marrow stromal (and possibly T cell) 

expression of RANKL by myeloma cells and direct RANKL expression by myeloma cells 

contribute to enhanced osteoclastogenesis in the bone microenvironment in myeloma bone 

disease (Fig. 1).

Myeloma cells decrease OPG availability in the bone microenvironment

In contrast to many other tissues and cell types,11 OPG mRNA expression or protein 

secretion was undetectable in myeloma cells and cell lines assessed (Sezer & Hofbauer, 

unpublished observation).30 In addition, myeloma cells employ several mechanisms to inhibit 

OPG production or availability within the bone microenvironment. Cell-to-cell contact of 

myeloma cells with bone marrow stromal cells and osteoblasts inhibited OPG mRNA levels 

and protein secretion by stromal cells, as evident from co-culture models (Fig. 1).29,30
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Furthermore, syndecan-1 (CD 138), a transmembrane proteoglycan with heparan 

sulfates that is expressed by myeloma cells, has been hypothesized to bind and sequestrate 

OPG through interaction with the heparin-binding domain of the OPG protein. A recent study 

provided details of this mechanisms. OPG binding to syndecan-1 of myeloma cells was 

dependent on the presence of heparan sulfates, and did not occur in syndecan-1 lacking 

heparan sulfates or in the presence of heparin.33 Following binding to syndecan-1, OPG was 

internalized and degraded within the lysosomal compartment of myeloma cells with a kinetic 

of 1 ng/hour per 106 cells (Fig. 1).33 This post-translational mechanism may contribute to low 

local and systemic OPG levels in patients with multiple myeloma.33-35

In summary, inhibition of OPG gene expression and protein production and post-

translational degradation of OPG by myeloma cells combined with the stimulatory effects of 

myeloma cells on RANKL expression in the bone microenvironment markedly enhances the 

RANKL-to-OPG ratio within affected bone areas, thus favoring osteoclast differentiation and 

activation, and enhancing bone resorption (Fig. 1).

Effects of commonly used drugs on RANKL and OPG production

Several drugs that are commonly used in patients with multiple myeloma may 

adversely affect the RANKL-OPG system.13 In vitro, glucocorticoids have been demonstrated 

to concurrently up-regulate RANKL mRNA levels and to suppress OPG mRNA levels and 

protein concentrations in human osteoblasts.36 A similar pattern of RANKL and OPG 

regulation has been reported in human bone marrow stromal cells for immunosuppressants 

(cyclosporine A, rapamycin, tacrolimus) that may be employed following allogeneic stem cell 

transplantation.37 By contrast, the bisphosphonates pamidronate and zoledronic acid have been 

shown to up-regulate OPG mRNA levels and protein secretion by human osteoblastic cells.38
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RANKL and OPG serum levels in patients with myeloma bone disease

Sensitive assay systems now allow measurement of the soluble form of RANKL 

(sRANKL) and OPG in health and disease.39 While data on sRANKL serum levels in bone 

diseases are limited, several studies have reported alterations of OPG serum levels in 

metabolic bone diseases. Some limitations need to be considered when interpreting such data, 

including (I) that OPG is produced by various skeletal and extra-skeletal tissues, (II) that there 

is no bone-specific fraction of OPG (in contrast to other skeletal makers such as alkaline 

phosphatase), and (III) that most OPG assays measure both free and sRANKL-bound OPG 

and do not distinguish between these two fractions.39 Despite these limitations, Brown et al.40

and Jung et al.41 have unambiguously shown that OPG serum levels are significantly higher in 

men with prostate cancer and osseous metastases compared to local prostate cancer or benign 

prostate diseases.

Three studies have recently evaluated the role of OPG serum levels in myeloma bone 

disease.33-35 In the first study, OPG serum levels of 225 patients with myeloma were compared 

with those of 40 healthy age- and sex-matched controls. Patients with myeloma were found to 

have OPG serum levels that were 18% lower than those of controls.34 Of note, OPG serum 

levels of patients with multiple myeloma were inversely correlated with the number of 

radiographic osteolytic lesions and WHO performance status, and were positively correlated 

with the carboy-terminal propeptide of type I collagen, a biochemical marker of bone 

turnover.34 These findings were in part confirmed by Lipton et al.35 who assessed OPG serum 

levels of 112 healthy controls and 111 patients with various hematological malignancies. OPG 

serum levels were 29% lower in patients with multiple myeloma (n = 34) as compared to 

normal controls, but 71% and 41% higher in patients with Hodgkin’s disease and non-

Hodgkin’s lymphoma, respectively.35 A recent study by Standal et al.33 analyzed local OPG 

concentrations in plasma samples obtained from bone marrow aspirates of 33 patients with 
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multiple myeloma and 27 healthy controls. In this study, OPG protein concentrations within 

the bone marrow microenvironment were 27% lower in patients with myeloma as compared 

with healthy controls.33 Of note, OPG concentrations were two-fold higher in bone marrow 

plasma compared to serum, and were found to be positively correlated with each other.33

RANKL as a potential target in the treatment of myeloma bone disease

Effects of RANKL blockade in animal models of myeloma bone disease

Systemic RANKL blockade using OPG, OPG-Fc fusion protein, or inhibitory RANK 

antibodies has been successfully employed to treat osteolytic metastases,23,42-44 humoral 

hypercalcemia,45-47 and tumor-associated bone pain43,48 in various animal models of non-

myeloma malignancies. 

The first therapeutic study on RANKL blockade in an animal model of myeloma bone 

disease was performed by Pearse et al.29 using the SCID ARH-77 xenograft model in which 

the human myeloma cell line (ARH-77) was injected into mice. Compared to controls, SCID 

ARH-77 mice receiving intravenous injections of RANK-Fc, a fusion protein of the murine 

RANK with the human IgG region (200 µg, three-times per week), displayed markedly 

reduced bone resorption markers and absence of radiographic evidence of skeletal destruction 

after 6 weeks.29 After 7 weeks of treatment, 80% of control animals, but none of the treated 

animals had hind limb paralysis. In a second xenograft model, in which primary human bone 

marrow cells from a patient with myeloma bone disease were injected into mice (SCID-hu-

MM), treatment with RANK-Fc (200 µg, three-times per week) prevented resorption of 

xenografts, and resulted in a markedly lower number of osteoclasts in affected lesions as 

compared to controls receiving negative controls.29 Another study by the same group49

evaluated the effects of bisphosphonates and RANK-Fc on myeloma tumor burden and 
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osteoclast formation in the SCID-hu-MM model. Injections of zoledronic acid (0.1 mg/kg 

once per week, starting 3 weeks after injection of tumor cells) or RANK-Fc (200 µg, three-

times per week, starting 5 weeks after injection of tumor cells) resulted in a similar, sustained 

suppression of paraprotein levels by more than 80% and inhibition of osteoclast numbers by 

more than 50%.49

In a second study, Croucher et al.28 used the 5T2MM model in which murine 5T2MM 

myeloma cells were injected into syngeneic mice. While mice receiving the vehicle control 

developed extensive osteolytic lesions due to enhanced osteoclastic bone resorption, mice 

intravenously treated with OPG-Fc, a fusion protein of the human OPG with the human IgG 

region (30 mg/kg, three-times per week), displayed only 6% and 13 % of the numbers of 

osteolytic lesions in their tibiae and femora, respectively. Moreover, treatment with OPG-Fc 

not only prevented bone loss following 5T2MM injection, but increased bone mineral density 

and resulted in a complete absence of osteoclasts,28 which is most likely due to the relatively 

high OPG dose and consistent with OPG effects in healthy rodents.11

In a different approach, Doran et al.50 recently reported the effects of ex vivo gene 

transfer of the OPG-Fc gene using a lentiviral vector in the SCID ARH-77 xenograft model. 

Compared to SCID ARH-77 mice treated with the empty vector, mice carrying OPG-Fc-

expressing tumors had a lower incidence of complete paraplegia (39% vs. 84%), osteolytic 

lesions (17% vs. 78%), and a longer survival (37 days vs. 32 days).50

Effects of RANKL blockade in humans

Skeletal effects of RANKL blockade have been evaluated in 52 postmenopausal 

women with enhanced bone turnover who received a single subcutaneous injection of the 

OPG-Fc fusion protein (3 mg/kg).51 In this study, biochemical markers of bone turnover 

rapidly decreased by 30 - 80%. More recently, a similar approach has been used in patients 
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with myeloma bone disease.52 In this controlled double-blind dose escalation study, patients 

received either OPG-Fc (0.1, 0.3, 1.0 or 3.0 mg/kg subcutaneously, n = 20) or pamidronate 

(90 mg intravenously, n = 6), and were followed for 57 days. Patients receiving 1 mg/kg of 

OPG-Fc displayed a rapid, sustained decrease of the biochemical marker of bone resorption, 

N-telopeptide of collagen, of more than 50% after 8 and 29 days following initiation of 

treatment which was similar to the pamidronate group.52 Except for transient asymptomatic 

hypocalcemia, the treatment was well tolerated and without adverse effects. Although long-

term effects of such intervention on tumor burden, bone mass, number of osteolytic lesions, 

and patient survival have not been assessed, these preliminary data provide proof-of-principle 

that RANKL blockade may be feasible and effective in human myeloma bone disease. 

However, future studies need to address the undesired possibility that OPG may also bind 

TNF-related apoptosis-inducing ligand (TRAIL) in vivo, as suggested by in vitro studies.53

Role of other cytokines in myeloma bone disease

In addition to RANKL and OPG, a variety of chemokines and cytokines has been 

implicated in the pathogenesis of myeloma bone disease, including macrophage inflammatory 

protein (MIP)-1α and –β,54-56 interleukin (IL)-1β,57,58 IL-6,59 and hepatocyte growth factor 

(HGF).60  Some of these factors such as IL-1β and IL-657-59 may employ RANKL-dependent 

and –independent pathways to stimulate osteoclasts, and have been shown to up-regulate 

RANKL expression by marrow stromal cells.13 Others, including MIP-1 act independently of 

RANKL,54-56 indicating a high degree of redundancy of myeloma cells to induce osteoclastic 

bone resorption. Among the factors listed above, only few are elevated in the majority of 

patients with myeloma bone disease, are correlated with disease activity, and associated with 
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enhanced osteoclastogenesis.4 At present, MIP-1α and –β – along with RANKL – best fulfil 

the criteria of the putative osteoclast-activating factors (OAF) in myeloma bone disease.

Summary and integration of mechanisms

RANKL and OPG play an essential role for osteoclast formation and activation, and 

various bone tumors employ this cytokine system to trigger osteoclastic bone resorption. 

While RANKL stimulates osteoclast functions through binding to its osteoclastic receptor 

RANK, OPG acts as a decoy receptor that blocks RANKL. Myeloma cells express RANKL, 

and cause bone-marrow stromal cells to overexpress RANKL (Fig. 1). Concurrently, 

myeloma cells inhibit OPG secretion by stromal cells through cell-to-cell contact and 

inactivate OPG through expression of syndecan-1, that binds the heparin-binding domain of 

OPG, and mediates its internalisation and lysosomal degradation (Fig. 1). The ensuing 

increased RANKL-to-OPG adjacent to myeloma cells promotes osteoclast formation and 

activation. Enhanced osteoclastic bone resorption releases various cytokines and growth 

factors from the extracellular matrix of bone that further stimulate myeloma cell proliferation, 

thus initiating and maintaining a vicious circle between osteoclasts and myeloma cells. This 

concept provides the rationale that strategies that reduce the RANKL-to-OPG ratio may 

suppress bone resorption and myeloma cell burden alike.

Compared to healthy subjects or patients with other tumors, patients with myeloma 

bone disease have lower OPG levels in serum and within the bone microenvironment, and low 

OPG serum levels were inversely correlated with the severity of the disease. In animal models 

of myeloma bone disease, RANKL blockade by exogenous administration of RANK or OPG 

fusion proteins or gene transfer reduced the number of osteoclasts and osteolytic lesions, 

levels of bone resorption markers and monoclonal protein, and the incidence of complications 
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such as paraplegia and prolonged survival. Preliminary data in human myeloma bone disease 

indicated profound anti-resorptive effects of OPG administration as evident from biochemical 

markers of bone turnover, indicating that RANKL blockade may be a future therapeutic 

option for patients suffering from myeloma bone disease.

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


13

Acknowledgments 

Dr. Hofbauer’s experimental work has been supported by grants from the Alfred und 

Ursula Kulemann-Foundation, Marburg and the Deutsche Krebshilfe (10-1697-Ho 1), Bonn, 

Germany.

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


14

References

1. Bataille R, Harousseau JL. Multiple myeloma. N Engl J Med. 1997;336:1657-1664.

2. Callander NS, Roodman GD. Myeloma bone disease. Semin Hematol. 2001;38:276-

285. 

3. Guise TA. Molecular mechanisms of osteolytic bone metastases. Cancer. 

2000;88:2892-2898.

4. Roodman GD. Biology of osteoclast activation in cancer. J Clin Oncol. 2001;19:3562-

3571.

5. Berenson JR, Lichtenstein A, Porter L, et al. Efficacy of pamidronate in reducing 

skeletal events in patients with advanced multiple myeloma. Myeloma Aredia Study 

Group. N Engl J Med. 1996;334:488-493.

6. Suda T, Takahashi N, Udagawa N, Jimi E, Gillepsie MT, Martin TJ. Modulation of 

osteoclast differentiation and function by the new members of the tumor necrosis 

factor receptor and ligand families. Endocr Rev. 1999;20:345-357.

7. Teitelbaum SL. Bone resorption by osteoclasts. Science. 2000;289:1504-1508.

8. Anderson MA, Maraskovsky E, Billingsley WL, et al. A homologue of the TNF 

receptor and its ligand enhance T-cell growth and dendritic-cell function. Nature. 

1997;390:175-179.

9. Lacey DL, Timms E, Tan H-L, et al. Osteoprotegerin (OPG) ligand is a cytokine that 

regulates osteoclast differentiation and activation. Cell. 1998;93:165-176.

10. Hsu H, Lacey DL, Dunstan CR, et al. Tumor necrosis factor receptor family member 

RANK mediates osteoclast differentiation and activation induced by osteoprotegerin 

ligand. Proc Natl Acad Sci (USA). 1999;96:3540-3545.

11. Simonet WS, Lacey DL, Dunstan CR, et al. Osteoprotegerin: a novel secreted protein 

involved in the regulation of bone density. Cell. 1997;89:309-319.

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


15

12. Fuller K, Wong B, Fox S, Choi Y, Chambers TJ. TRANCE is necessary and sufficient 

for osteoblast-mediated activation of bone resorption in osteoclasts. J Exp Med. 

1998;188:997-1001.

13. Khosla S. The OPG/RANKL/RANK system. Endocrinology. 2001;142:5050-5055.

14. Gori F, Hofbauer LC, Dunstan CR, Spelsberg TC, Khosla S, Riggs BL. The 

expression of osteoprotegerin and RANK ligand and the support of osteoclast 

formation by stromal-osteoblast lineage cells is developmentally regulated. 

Endocrinology. 2000;141:4768-4776.

15. Kong Y-Y, Feige U, Sarosi I, et al. Activated T cells regulate bone loss and joint 

destruction in adjuvant arthritis through osteoprotegerin ligand. Nature. 

1999;402:304-309.

16. Nagai M, Kyakumoto S, Sato N. Cancer cells responsible for humoral hypercalcemia 

express mRNA enclosing a secreted form of ODF/TRANCE that induces osteoclast 

formation. Biochem Biophys Res Commun. 2000;269:532-536.

17. Nosaka K, Miyamoto T, Sakai T, Mitsuya H, Suda T, Matsuoka M. Mechanism of 

hypercalcemia in adult T-cell leukemia: overexpression of receptor activator of 

nuclear factor κB ligand on adult T-cell leukemia cells. Blood. 2002;99:634-640.

18. Chikatsu N, Takeuchi Y, Tamura Y, et al. Interactions between cancer and bone 

marrow cells induce osteoclast differentiation factor expression and osteoclast-like 

cell formation in vitro. Biochem Biophys Res Commun. 2000;267:632-637.

19. Thomas RJ, Guise TA, Yin JJ, Elliott J, Horwood NJ, Martin TJ, Gillespie MT. Breast 

cancer cells interact with osteoblasts to support osteoclast formation. Endocrinology. 

1999;140:4451-4458.

20. Lin DL, Tarnowski CP, Zhang J, et al. Bone metastatic LNCaP-derivative C4-2B 

prostate cancer cell line mineralizes in vitro. Prostate. 2001;47:212-221.

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


16

21. Brown JM, Corey E, Lee ZD, et al. Osteoprotegerin and RANK ligand expression in 

prostate cancer. Urology. 2001;57:611-616.

22. Fiumara P, Snell V, Li Y, et al. Functional expression of receptor activator of nuclear 

factor-κB in Hodgkin disease cell lines. Blood. 2001;98:2784-2790.

23. Michigami T, Ihara-Watanabe M, Yamazaki M, Ozono K. Receptor activator of 

nuclear factor κB ligand (RANKL) is a key molecule of osteoclast formation for bone 

metastasis in a newly developed model of human neuroblastoma. Cancer Res. 

2001;61:1637-1644.

24. Heider U, Jakob C, Zavrski I, et al. Expression of receptor activator of NF-κB ligand 

(RANKL) on bone marrow plasma cells correlates with osteolytic bone disease in 

patients with multiple myeloma. Blood. 2002;100:abstract #3190.

25. Sezer O, Heider U, Jakob C, Eucker J, Possinger K. Human bone marrow myeloma 

cells express RANKL. J Clin Oncol. 2002;20:353-354.

26. Sezer O, Heider U, Jakob C, et al. Immunocytochemistry reveals RANKL expression 

of myeloma cells. Blood. 2002;99:4646-4647.

27. Altamirano CV, Neeser JA, Manyak S, et al. Malignant multiple myeloma cells 

expressing RANKL induce the formation of TRAP positive multinucleated cells. 

Blood. 2001;98:637a. 

28. Croucher PI, Shipman CM, Lippitt J, et al. Osteoprotegerin inhibits the development 

of osteolytic bone disease in multiple myeloma. Blood. 2001;98:3534-3540.

29. Pearse RN, Sordillo EM, Yaccoby S, et al. Multiple myeloma disrupts the 

TRANCE/osteoprotegerin cytokine axis to stimulate bone destruction and promote 

tumor progression. Proc Natl Acad Sci (USA). 2001;98:11581-11586.

30. Giuliani N, Bataille R, Mancini C, Lazzaretti M, Barille S. Myeloma cells induce 

imbalance in the osteoprotegerin/osteoprotegerin ligand system in the human bone 

marrow environment. Blood. 2001;98:3527-3533.

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


17

31. Roux S, Meignin V, Quillard J, et al. RANK (receptor activator of nuclear factor-κB) 

and RANKL expression in multiple myeloma. Br J Haematol. 2002;117:86-92.

32. Giuliani N, Colla S, Sala R, et al. Human myeloma cells stimulate the receptor 

activator of NF-κB ligand (RANKL) in T lymphocytes: a potential role in multiple 

myeloma bone disease. Blood. 2002 (in press).

33. Standal T, Seidel C, Hjertner O, et al. Osteoprotegerin is bound, internalized and 

degraded by multiple myeloma cells. Blood. 2002;100:3002-3007.

34. Seidel C, Hjertner O, Abildgaard N, et al. Serum osteoprotegerin levels are reduced in 

patients with multiple myeloma with lytic bone disease. Blood. 2001;98:2269-2271.

35. Lipton A, Ali SM, Leitzel K, et al. Serum osteoprotegerin levels in healthy controls 

and cancer patients. Clin Cancer Res. 2002;8:2306-2310.

36. Hofbauer LC, Gori F, Riggs BL, et al. Stimulation of osteoprotegerin ligand and 

inhibition of osteoprotegerin production by glucocorticoids in human osteoblastic 

lineage cells: potential paracrine mechanisms of glucocorticoid-induced osteoporosis. 

Endocrinology. 1999;140:4382-4389.

37. Hofbauer LC, Shui C, Riggs BL, et al. Effects of immunosuppressants on receptor 

activator of NF-κB ligand and osteoprotegerin production by human osteoblastic and

coronary artery smooth muscle cells. Biochem Biophys Res Commun. 2001;280:334-

339.

38. Viereck V, Emons G, Lauck V, et al. Bisphosphonates pamidronate and zoledronic 

acid stimulate osteoprotegerin production by primary human osteoblasts. Biochem 

Biophys Res Commun. 2002;291:680-686.

39. Hofbauer LC, Schoppet M. Serum measurement of osteoprotegerin - clinical 

relevance and potential applications. Eur J Endocrinol. 2001;145:681-683.

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


18

40. Brown JM, Vessella RL, Kostenuik PJ, Dunstan CR, Lange PH, Corey E. Serum 

osteoprotegerin levels are increased in patients with advanced prostate cancer. Clin 

Cancer Res. 2001;7:2977-2983.

41. Jung K, Lein M, von Hosslin K, et al. Osteoprotegerin in serum as a novel marker of 

bone metastatic spread in prostate cancer. Clin Chem. 2001;47:2061-2063.

42. Zhang J, Dai J, Qi Y, et al. Osteoprotegerin inhibits prostate cancer-induced 

osteoclastogenesis and prevents prostate tumor growth in the bone. J Clin Invest. 

2001;107:1235-1244.

43. Honore P, Luger NM, Sabino MAC, et al. Osteoprotegerin blocks bone cancer-

induced skeletal destruction, skeletal pain and pain-related neurochemical 

reorganization of the spinal cord. Nature Med. 2000;5:521-528.

44. Morony S, Capparelli C, Sarosi I, DL, Dunstan CR, Kostenuik PJ. Osteoprotegerin 

inhibits osteolysis and decreases skeletal tumor burden in syngeneic and nude mouse 

models of experimental bone metastasis. Cancer Res. 2001;61:4432-4436.

45. Akatsu T, Murakami T, Ono K, et al. Osteoclastogenesis inhibitory factor exhibits 

hypocalcemic effects in normal mice and in hypercalcemic nude mice carrying tumors 

associated with humoral hypercalcemia of malignancy. Bone. 1998;23:495-498.

46. Capparelli C, Kostenuik PJ, Morony S, et al. Osteoprotegerin prevents and reverses 

hypercalcemia in a murine model of humoral hypercalcemia of malignancy. Cancer 

Res. 2000;60:783-787.

47. Oyajobi BO, Anderson DM, Traianedes K, Williams PJ, Yoneda T, Mundy GR. 

Therapeutic efficacy of a soluble receptor activator of nuclear factor κB-IgG Fc fusion 

protein in suppressing bone resorption and hypercalcemia in a model of humoral 

hypercalcemia of malignancy. Cancer Res. 2001;61:2572-2578.

48. Luger NM, Honore P, Sabino MA, et al. Osteoprotegerin diminishes advanced bone 

cancer pain. Cancer Res. 2001;61:4038-4047.

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


19

49. Yaccoby S, Pearse RN, Johnson CL, Barlogie B, Choi Y, Epstein J. Myeloma 

interacts with the bone marrow microenvironment to induce osteoclastogenesis and is 

dependent on osteoclast activity. Br J Haematol. 2002;116:278-290.

50. Doran PM, Russell SJ, Chen D, et al. Gene transfer of osteoprotegerin-Fc inhibits 

osteolysis and disease progression in a murine model of multiple myeloma. J Bone 

Miner Res. 2002;17 (Suppl. 1):1093.

51. Bekker PJ, Holloway D, Nakanishi A, Arrighi M, Leese PT, Dunstan CR. The effect 

of a single dose of osteoprotegerin in postmenopausal women. J Bone Miner Res. 

2001;16:348-360.

52. Greipp P, Facon T, Williams CD, et al. A single subcutaneous dose of an 

osteoprotegerin (OPG) construct (Amgn-0007) causes a profound and sustained 

decrease of bone resorption comparable to standard intravenous bisphosphonate in 

patients with multiple myeloma. Blood. 2001;98:775a.

53. Emery JG, McDonnell P, Brigham Burke M, et al. Osteoprotegerin is a receptor for 

the cytotoxic ligand TRAIL. J Biol Chem. 1998;273:14363-14367.

54. Choi SJ, Cruz JC, Craig F, et al. Macrophage inflammatory protein-1alpha is a 

potential osteoclast stimulatory factor in multiple myeloma. Blood. 2000;96:671-675.

55. Han J-H, Choi SJ, Kurihara N, et al. Macrophage inflammatory protein-1α is an 

osteoclastogenic factor in myeloma that is independent of receptor activator of nuclear 

factor κB ligand. Blood. 2001;97:3349-3353.

56. Abe M, Hiura K, Wilde J, et al. Role for macrophage inflammatory protein (MIP)-1α �

and MIP-1β in the development of osteolytic lesions in multiple myeloma. Blood. 

2002;100:2195-2202.

57. Cozzolino F, Torcia M, Aldinucci D, et al. Production of interleukin-1 by bone 

marrow myeloma cells. Blood. 1989;74:380-387.

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


20

58. Kawano M, Tanaka H, Ishikawa H, et al. Interleukin-1 accelerates autocrine growth of 

myeloma cells through interleukin-6 in human myeloma. Blood. 1989;73:2145-2148.

59. Bataille R, Jourdan M, Zhang XG, Klein B. Serum levels of interleukin-6, a potent 

myeloma cell growth factor, as a reflection of disease severity in plasma cell 

dyscrasias. J Clin Invest. 1989;84:2008-2011.

60. Seidel C, Borset M, Turesson I, Abildgaard N, Sundan A, Waage A. Elevated serum 

concentrations of hepatocyte growth factor in patients with multiple myeloma. The 

Nordic Myeloma Study Group. Blood. 1998;91:806-812.

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


21

 For personal use only. by on July 15, 2009. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


22

Figure 1 Interactions of the RANKL-OPG system with myeloma cells, bone 

marrow stromal cells, and osteoclasts in the pathogenesis of myeloma bone 

disease. Myeloma cells express RANKL (1) and cause bone marrow-residing 

stromal cells to over-express RANKL (2). In addition, myeloma cells inhibit 

OPG production by stromal cells (3). Syndecan-1 is expressed on the surface of 

myeloma cells and binds the heparin-binding domain of OPG (4), thus 

facilitating internalisation and lysosomal degradation of OPG (5). The 

physiological balance between RANKL and OPG is tilted by these combined 

effects (6), and the ensuing enhanced RANKL-to-OPG ratio promotes 

osteoclast formation and activation which is responsible for osteolysis, 

hypercalcemia, fractures, and pain. Abbreviations used are: OPG, 

osteoprotegerin; RANKL, receptor activator of NF-κB ligand; RANK, receptor 

activator of NF-κB.
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